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During poxvirus infection, both viral genomes and transfected DNAs are converted into high-molecular-weight concate-
mers by the replicative machinery. However, aside from the fact that concatemer formation coincides with viral replication,
the mechanism and protein(s) catalyzing the reaction are unknown. Here we show that vaccinia virus DNA polymerase can
catalyze single-stranded annealing reactions in vitro, converting linear duplex substrates into linear or circular concatemers,
in a manner directed by sequences located at the DNA ends. The reaction required $12 bp of shared sequence and was
stimulated by vaccinia single-stranded DNA-binding protein (gpI3L). Varying the structures at the cleaved ends of the
molecules had no effect on efficiency. These duplex-joining reactions are dependent on nucleolytic processing of the
molecules by the 39-to-59 proofreading exonuclease, as judged by the fact that only a 59-32P-end label is retained in the joint
molecules and the reaction is inhibited by dNTPs. The resulting concatemers are joined only through noncovalent bonds, but
can be processed into stable molecules in E. coli, if the homologies permit formation of circular molecules. This reaction
provides a starting point for investigating the mechanism of viral concatemer formation and can be used to clone
PCR-amplified DNA. © 2000 Academic Press
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vaccinia virus.INTRODUCTION
The Poxviridae comprise a family of large double-
stranded DNA viruses capable of replicating in the cyto-
plasm of infected cells (Moss, 1996). The prototype, vac-
cinia virus, encodes ;260 proteins within a 190-kbp
genome (Johnson et al., 1993), a genome that is thought
to encode most, if not all, of the gene products required
for viral replication, repair, and recombination (reviewed
in Traktman, 1990). A characteristic feature of poxvirus
replication reactions is that, during the course of viral
DNA replication, early gene products convert virus DNA
into high-molecular-weight concatemers. These mole-
cules are initially composed of dimeric viral genomes
linked in a head-to-head or tail-to-tail manner, which are
thought to be produced by a rolling hairpin mechanism
(Moyer and Graves, 1981). However, more complex con-
catemers can be detected later in infection, containing
genomes that are also linked in a head-to-tail configura-
tion (DeLange, 1989). Such molecules cannot be formed
by a purely replicative process (e.g., rolling hairpins or
rolling circles) and their existence suggests that recom-
bination within the terminal inverted repeats must occur
during the later stages of viral genome replication. Trans-
fected molecules undergo similar processing in virus-
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562infected cells, being converted by the replicative machin-
ery into high-molecular-weight concatemers encoding
embedded recombinants (Evans et al., 1988). It is un-
known whether these replication and recombination re-
actions will eventually prove to be functionally separable,
but all of the genetic, kinetic, and biochemical evidence
to date suggests that the two processes are somehow
inextricably linked (Colinas et al., 1990; Evans et al., 1988;
Fisher et al., 1991; Merchlinsky, 1989).
The linkage between replication and recombination
has hampered genetic dissection of this process be-
cause, although DNA2 mutations typically block recom-
bination (Merchlinsky, 1989), replication is also essential
for the production and analysis of recombinants. Conse-
quently, it has been difficult to draw mechanistic conclu-
sions from such experiments as those showing that viral
DNA polymerase mutations create recombination defi-
ciencies (Colinas et al., 1990; Merchlinsky, 1989; Willer et
al., 1999a). However, superficially similar reactions to
those catalyzed by poxvirus enzymes are also observed
in phage-infected E. coli, and such studies can at least
provide general insights into possible mechanisms.
Lambda phage uses a combination of rolling circle rep-
lication and red-mediated recombination reactions to
produce the recombinant-containing concatemers,
which are consumed by phage-packaging reactions. [If
DNA concatemers are extracted from poxvirus-infected
cells and contain cos-sites, the DNA can also be pack-
aged into recombinant phage particles (Parks and Evans,
1991).] Red-mediated phage recombination reactions are
not biochemically complicated. They require only an ex-
l563VACCINIA VIRUS DNA POLYMERASEonuclease to expose complementary DNA sequences
and process joint molecules (l exonuclease), and a
single-stranded DNA-binding protein (b-protein) to cata-
yze strand annealing (Karakousis et al., 1998; Li et al.,
1998; Stahl et al., 1997). Such “single-stranded annealing”
reactions are intrinsically nonconservative and occur in
many species, including mammalian and yeast cells. In
yeast cells, where competition between recombination
pathways can be closely monitored, single-stranded an-
nealing is the primary route by which double-stranded
breaks are repaired within repeated sequences (re-
viewed in Paques and Haber, 1999). This creates “pop-
out” recombinants in yeast, a well-established process
wherein recombination between two directly repeated
sequences deletes a total of one repeat plus any inter-
vening sequences. This type of recombination event is
also well characterized in the poxviral literature (Ball,
1987).
These observations raise the question of whether any
of the enzymes known to be encoded by vaccinia virus
might similarly catalyze single-stranded annealing and
concatemer-forming reactions. Thus far only two virus-
encoded early gene products exhibit the requisite activ-
ities. Experiments with temperature-sensitive viruses
have shown that the primary DNA exonuclease activity
detectable in vaccinia-infected cell extracts is the 39-
to-59 exonuclease of vaccinia DNA polymerase (Chall-
berg and Englund, 1979; Willer et al., 1999a) and, despite
reports of other virion nucleases (Rosemond-Hornbeak
and Moss, 1974), this remains to date the only known
virus-encoded DNA exonuclease. In contrast vaccinia
encodes several DNA-binding proteins, although most
are late gene products that probably serve structural
functions. The principal replicative high-affinity single-
stranded DNA-binding protein (SSB) is thought to be the
I3L gene product (Rochester and Traktman, 1998; Tseng
et al., 1999). In this communication we show that vaccinia
DNA polymerase and gpI3L are the only proteins needed
to catalyze concatemer formation in vitro and thus pro-
vide a possible biochemical route to dissecting a pro-
cess that has long resisted genetic investigation. The
simplicity of the reaction suggests that it might also find
some use as an alternative cloning method.
RESULTS
Vaccinia DNA polymerase catalyzes concatemer
formation
To test whether vaccinia DNA polymerase can cata-
lyze strand-joining reactions, we prepared two linear
duplex substrates that shared a small amount of over-
lapping sequence homology at the ends of the mole-
cules. This was accomplished by cutting pDW101 with
EcoRI and XhoI (Fig. 1A), leaving 33 bp of properly ori-
ented sequences. DNA polymerase was then incubated
with these DNAs and assayed for concatemer-forming
activity using gel electrophoresis. We observed that thepolymerase converted 45% of the input DNA into dimeric
products over a 10-min period, with a concomitant loss of
monomeric molecules (Fig. 1B). The yield of dimer de-
clined slightly thereafter, stabilizing with about 35% of the
molecules converted to product. The reaction kinetics
suggested that there might be a short delay prior to the
appearance of dimers, which was not caused by a delay
in reaching thermal equilibrium. The reaction yield was
also dependent on protein concentration (Fig. 1C).
Duplex annealing selectively pairs homologous ends
This pairing reaction required two different DNA sub-
strates that shared some small amount of overlapping
end homology. Controls showed that the reaction cannot
produce joint molecules when the only available sub-
strates were a pool of identical duplexes (Fig. 2, lanes
1–6). To determine which ends of the two substrates
were being joined, we further digested EcoRI- and XhoI-
cut molecules with ScaI, producing DNA fragments that
can be differentiated by size (Fig. 2, inset). Vaccinia DNA
polymerase selectively joined the two molecules sharing
a segment of DNA bounded by the XhoI and EcoRI sites,
as judged by the appearance of recombinants 4.2, 4.8,
and 3.0 kbp in length (Fig. 2, lanes 9, 11, and 13, respec-
tively). Such product sizes are consistent with these
molecules being composed of the 3.0 1 1.2-, 3.0 1 1.8-,
and 1.2 1 1.8-kbp DNA fragments encoding the XhoI–
EcoRI interval.
The restriction enzymes used to prepare the interact-
FIG. 1. DNA annealing catalyzed by vaccinia DNA polymerase.
pDW101 was cut with EcoRI or XhoI to produce 2.96-kbp molecules
sharing 33 bp of overlapping sequence homology (A). Annealing reac-
tions (20 mL) were then prepared containing 0.35 mg of each DNA
substrate plus 0.1 mg of vaccinia virus polymerase. After incubation for
the indicated times, the reaction products were fractionated using
agarose gel electrophoresis and visualized by ethidium bromide stain-
ing (B). Alternatively, reactions were prepared containing 0.35 mg of
each DNA substrate plus the indicated quantities of DNA polymerase
and incubated for 20 min at 37°C (C). A 6-kbp reaction product is
formed in (B) and (C).ing ends shown in Figs. 1 and 2 leave 59-overhanging
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564 WILLER ET AL.ends with 4-nt overhangs. To test whether ends also
affected reaction efficiency, various substrates were pre-
pared by cutting pDW101 with different restriction en-
zymes. All possible combinations of molecules bearing
59-overhanging, blunt, or 59-recessed ends were then
tested to see whether they were still substrates. We
found that vaccinia polymerase has no end preference
(data not shown). There was also no obvious correlation
between the yield of duplex product and the length of
sequence overlap, when the length of shared end ho-
mology ranged from 18 to 84 bp.
Other reaction requirements
We also examined the effect of adding MgCl2, spermi-
dine, or vaccinia virus SSB on the reaction efficiency,
using KpnI- and NotI-cut substrates that shared 84 bp of
overlapping homology. Magnesium was essential, with a
reaction optimum of ;10 mM. However, 20 mM MgCl2
inhibited the reaction, as did spermidine concentrations
exceeding 1 mM. We also examined the effects of adding
recombinant vaccinia SSB (Tseng et al., 1999), since
many studies, including the aforementioned research
involving lambda b-protein, have demonstrated the stim-
ulatory effects of this class of protein on recombination
and repair reactions. Vaccinia SSB enhanced the yield of
joint molecules two- to threefold when added at concen-
trations between 25 and 100 mg/mL (Fig. 3). This ap-
eared to be the result of a combination of effects. First,
FIG. 2. Substrate requirements. Reactions were prepared containing
he indicated substrate DNAs plus or minus vaccinia DNA polymerase
0.1 mg) in 20 mL. The polymerase will not promote joint molecule
formation unless two substrates are provided which share some over-
lapping end homology (lanes 1–6). When the DNA fragments can be
differentiated by size, the reaction products comprise DNAs encoding
the XhoI–EcoRI overlap region (lanes 8–13).pI3L seemed to prolong the joining reaction, causingoint molecules to continue to accumulate throughout the
0-min time course. Second, gpI3L seemed to stabilize
hese joint molecules once they had been formed be-
ause, although the yield of joint molecules started to
ecline after only 10 min in reactions lacking SSB, we
aw no evidence of this decline in SSB-containing reac-
ions (Fig. 3). The net result was that over 80% of the
ubstrate DNAs could be converted to dimers in 40 min
nder these optimized reaction conditions.
uplex-joining reactions require 39-to-59 exonuclease
ctivity
The DNA-joining reaction can also recombine multiple
ubstrates into higher-order concatemers and this can
e exploited to provide further insights into the reaction
echanism. We cut pDW101 with restriction enzymes so
hat the “middle” substrate (Fig. 4, molecule “B”) shared
equences in common with either end of two additional
olecules (“A” and “C”). Alone, the middle duplex was not
substrate for the polymerase-catalyzed reaction (Fig. 4,
anes 1 and 4). However, when the three substrates were
ncubated together with vaccinia polymerase in standard
ssays, they were rapidly converted into a mixture of
imers and trimers (Fig. 4, lanes 3 and 6). A small amount
f the DNA (;2%) was also converted into higher-order
ultimers, whose structure is uncertain. Two-dimen-
ional gel electrophoresis suggested that they may be
ranched molecules.
For the middle molecule to have been incorporated
nto a linear trimer, both ends of the molecule must have
een subjected to enzymatic processing. To study any
odifications which might have been introduced into the
nds of these molecules, we labeled the HindIII-re-
FIG. 3. Effect of vaccinia SSB (gpI3L) on joint molecule formation.
Standard reactions (20 mL) contained 0.1 mg of vaccinia virus DNA
polymerase (E) or 0.1 mg of polymerase plus 0.5 mg of vaccinia SSB (F).
The reactions were incubated for the indicated time and stopped, and
the yield of joint molecules was determined by gel electrophoresis
(inset) and densitometry. Vaccinia SSB increased the extent of the
reaction and stabilized the products.
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565VACCINIA VIRUS DNA POLYMERASEstricted substrate and monitored the 32P-label using au-
toradiography. The 32P-labels were incorporated into the
middle substrates using T4 polynucleotide kinase or
Klenow polymerase, to see whether 39- or 59-end labels
suffered different fates. After electrophoresis and
ethidium staining, the gel was fixed and autoradio-
graphed to locate the label. It was clear, from inspection
of the ethidium-stained gel, that duplex “B” was efficiently
incorporated into concatemers, regardless of whether it
had been labeled on the 39 or on the 59 end (Fig. 4, lanes
3 and 6). However, whereas most of the 59 label was
incorporated into trimeric concatemers (Fig. 4, lane 3),
none of the 39-end label was retained in these molecules
(Fig. 4, lane 6) or in the unreacted polymerase-treated
substrate (Fig. 4, lane 4). These data, plus the MgCl2
requirement, suggest that the polymerase 39-to-59 exo-
nuclease plays a key role in joint molecule production in
vitro. Parenthetically, the stability of the 59-end label con-
irms reports that vaccinia polymerase does not encode
59-to-39 exonuclease (Challberg and Englund, 1979).
If this reaction is dependent on the activity of the
9-to-59 exonuclease, one would predict that dNTPs
hould inhibit end-joining by inhibiting the nuclease. Ex-
FIG. 4. Trimer formation catalyzed by vaccinia virus DNA polymerase.
Three substrates were prepared as indicated in the upper panel, and
the middle substrate (labeled B) labeled using polynucleotide kinase or
Klenow polymerase. Reactions were prepared as indicated, incubated
at 37°C for 20 min, and then fractionated using agarose gel electro-
phoresis. The reaction products were first visualized with ethidium
bromide and then by autoradiography. No joint molecules were formed
in reactions containing polymerase plus only a single DNA substrate
(lanes 1 and 4). Only a 59 label survived incubation with the polymerase
and was incorporated into dimer and trimer molecules (lane 3).eriments confirmed this prediction (data not shown). DAdding 1 mM (total) of all four dNTPs reduced the yield
about 50%, while little if any joint molecules were formed
in reactions containing .5 mM dNTPs. Dideoxyribo-
ucleotides were also inhibitory, but only at much higher
oncentrations (.50 mM). Conversely, a drug thought to
nhibit the polymerase activity (phosphonoacetic acid)
ad no effect on the in vitro reaction at concentrations up
o 4 mg/mL. An antibody directed against vaccinia poly-
erase also inhibited the reaction, but so did an unre-
ated control serum, rendering the result inconclusive.
oint molecules are readily processed into stable
ecombinants
When the concatemers formed by vaccinia polymer-
se were fractionated on alkaline agarose gels and vi-
ualized by autoradiography, they were found to be
oined noncovalently. Moreover, there appeared to be
aps or other strand discontinuities because T4 DNA
igase could not ligate the junctions (data not shown).
an the reaction products be further processed into
table recombinants by other enzymes? We studied this
roblem by transfecting reaction products into E. coli and
ooking for the recovery of stable transformants. E. coli
as chosen as the recipient, rather than virus-infected
ells, because E. coli repair and recombination pathways
re better characterized. Moreover, the stability of the
oints formed by vaccinia polymerase, coupled with the
implicity of the reaction, suggested that this method
ight provide a practical alternative to more traditional E.
oli-based cloning strategies.
The end-joining reaction was assembled, containing
otI-restricted pDW101 plus a Taq polymerase-amplified
ragment encoding 788 bp of Shope fibroma virus DNA.
he primers added 18 bp of DNA sequence, homologous
o sequences flanking the NotI site, to each end of the
CR-amplified viral DNA. After these molecules were
ncubated together with vaccinia polymerase in standard
ssays, some of the products were characterized using
garose gels (Fig. 5), while the rest of the DNA (3 3 1 mL)
as used to transform three strains of E. coli (SURE,
H5a, and JM105). Agarose gels showed that the major-
ty of molecules formed under these conditions were the
inear dimers seen previously (Fig. 5, lane 5). However,
ecause both ends of the PCR-amplified insert shared
omology with the vector, a small portion of the reaction
roducts was expected to, and did, migrate at positions
haracteristic of nicked-circular and higher-concatemer
orms (Fig. 5, lane 6). None of these reactions occurred in
he presence of 5 mM dNTP (Fig. 5, lane 7). These joint
olecules efficiently transformed all three E. coli strains
ithout further treatment. Table 1 shows data acquired
sing multirecombination-deficient SURE cells, although
ll three strains gave similar results (0.5–2 3 105 trans-
ormants per mg). It was clear that the yield of stable
ransformants was greatly dependent on adding vacciniaNA polymerase to the reaction mix. Recombinant
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566 WILLER ET AL.(white) colonies were the most abundant product (83% of
transformants in this particular experiment), even though
we did not dephosphorylate the NotI-cut vector. We pu-
rified 13 putative recombinant plasmids and observed
that all 13 of the plasmids recovered from SURE cells
were monomers incorporating a single DNA insert. DNA
sequencing showed that all 13 molecules also encoded
the insert in the correct orientation and at the expected
FIG. 5. Cloning of PCR-amplified DNA using vaccinia virus DNA
polymerase. An 800-bp PCR-amplified DNA fragment (labeled A) was
incubated with or without NotI-linearized pDW101 (labeled B) and
vaccinia virus DNA polymerase, as indicated. The reaction products
were separated by electrophoresis and visualized with ethidium bro-
mide. Joint molecules were seen only in lane 6. Most of these joint
molecules migrated at a position expected of linear dimers (lane 6), but
a small portion of the reaction product migrated at a position typical of
nicked circular molecules (arrowed). Adding 5 mM dNTPs blocked the
reaction completely (lane 7). Table 1 summarizes the effect of trans-
forming E. coli with these reaction products.position. There were three base substitutions located (
3 10 transformants per mg using unrestricted pDW101.within one of the primer-binding sites and two other
mutations within Taq polymerase-amplified DNA. The
usion points were those expected to be formed through
nnealing of homologous ends. We concluded that the
oncatemers assembled by vaccinia virus polymerase
an be processed into stable recombinants with a fidelity
omparable to that of traditional cloning methods.
he minimal sequence overlap
To determine the minimal amount of homology re-
uired for production of joint molecules, we synthesized
even additional primer pairs and then used the set of
ight oligonucleotide pairs to again PCR-amplify a
88-bp fragment of SFV DNA. These 14 new PCR primers
ere similar in structure to the primers described above,
xcept that the amount of sequence homologous to nu-
leotides flanking the NotI site in a NotI-cut vector now
anged from 4 to 18 bp. These substrates were incubated
ith vector DNA in optimized assays containing both
accinia DNA polymerase and gpI3L (which increased
he ability to detect otherwise faint circular reaction prod-
cts), and the yields of both linear and circular joint
olecules were quantitated using densitometry. These
nd other experiments showed that as little as 10 bp of
equence homology between substrates still permitted
trand-joining by vaccinia polymerase, with a reaction
ptimum of about 14 bp over the range of substrates
tudied here (Fig. 6B). These reaction products were also
sed to transform SURE cells, in triplicate, as there was
ome variation in the absolute efficiency of white trans-
ormant production from experiment to experiment. In all
f the experiments, the percentage of white (recombi-
ant) bacterial transformants closely paralleled the yield
f joint molecules as detected by gel electrophoresisFig. 6A).TABLE 1
Transformation of E. coli with Recombinant Joint Molecules
Reaction
Number of colonies Percentage
white
Transformants
per mg (31025)White Blue
PCR-amplified insert
(2) polymerase 2 0 100 N/A
(1) polymerase 1 0 100 N/A
NotI restricted vector
(2) polymerase 8 1190 0.7 4.0
(1) polymerase 0 27 0.0 0.4
PCR-amplified insert plus NotI restricted vector
(2) polymerase 12 1030 1.2 2.3
(1) polymerase 1020 210 83 2.7
(1) polymerase, (1) dNTP 7 220 3.1 0.5
Note. Joint molecules were prepared in reactions containing the indicated reaction components. E. coli SURE cells were electroporated with 1 mL
of reaction products. The cells (100 mL or its equivalent) were plated and colonies were counted the next day. Cell competency was estimated as
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567VACCINIA VIRUS DNA POLYMERASEDISCUSSION
We have shown that vaccinia virus DNA polymerase
an catalyze a Mg12-dependent reaction which assem-
bles noncovalently linked recombinant concatemers.
The reaction seems to depend on exonuclease process-
ing of the DNA ends that share as few as 10–12 bases of
properly oriented overlapping sequence homology (Fig.
6). This exonuclease is presumably the 39-to-59 exonu-
clease, as judged by the fact that 39-end labels are lost
from recombinant molecules (Fig. 4) and the reaction is
inhibited by dNTPs. The efficiency of the reaction is
enhanced significantly by adding gpI3L, which also sta-
bilizes the newly formed joint molecules (Fig. 3). This is
perhaps not too surprising because gpI3L has been
shown to both protect and efficiently aggregate ssDNA
(Tseng et al., 1999). We have noted that gpI3L has only
imited and irreproducible strand-annealing properties in
solation, which suggests that adding vaccinia SSB prob-
bly does not increase the yield of joint molecules by
timulating annealing within protein-coated aggregates.
FIG. 6. Effect of homology length on joint molecule formation. PCR-
amplified DNAs were prepared containing 4, 6, 8, . . ., 18 bp of end
sequence identical to sequences found flanking the NotI site in a
pBluescript vector. A mixture of PCR-amplified DNA plus NotI-cut vector
was incubated with 0.1 mg of vaccinia DNA polymerase and 0.5 mg of
gpI3L for 10 min and then separated by agarose gel electrophoresis (B,
inset). The yield of linear-duplex (E) and circular (F) joint molecules in
each reaction was determined by densitometry (B). Omitting the poly-
merase yielded no joint molecules (). The reaction products (plus joint
molecules prepared in two additional experiments) were used to trans-
form bacterial SURE cells and the yield of recombinants determined as
in Table 1 (A).nstead, we suspect that its presence counters the reac- nion-limiting effects of the “end dilution,” which accompa-
ies reactant consumption. (Alternatively, the presence
f the polymerase alters the strand-annealing properties
f vaccinia SSB, thus permitting a reaction that is not
etected using pure protein.) These newly assembled
oncatemers were joined by imperfect noncovalent
oints, which are readily converted into stable recombi-
ants by E. coli repair systems (Table 1 and Fig. 6). The
eaction is sufficiently simple and efficient that we have
tarted using it as another method of cloning PCR-am-
lified DNAs.
For now, we cannot claim to have identified the en-
ymes responsible for catalyzing poxvirus recombination
nd concatemer formation. A quick survey of other en-
ymes suggests that vaccinia DNA polymerase has no
pecial catalytic recombinase function distinct from
ther proofreading polymerases (the large fragment of E.
oli DNA polymerase I [Klenow] plus phage T4 and T7
nzymes all catalyzed similar reactions, whereas Taq
olymerase did not). Exonuclease III also works under
hese conditions. However, these observations show
hat one need not invoke the existence of novel and thus
ar obscure viral gene products to explain how poxvi-
uses might produce recombinant-containing concatem-
rs. Together, vaccinia DNA polymerase and gpI3L are
he only enzymes needed to generate such concatem-
rs, and the single-stranded annealing reactions we ob-
erve in vitro are a well-established way of promoting the
pop-out” (Ball, 1987) and other repeat-associated dele-
ion events affecting replicating poxviruses (Aguado et
l., 1992; Shchelkunov and Totmenin, 1995). These types
f nonconservative, single-stranded annealing reactions
re also expected to generate large quantities of hybrid
NA (Fisher et al., 1991) and, if these annealing reactions
ere to involve sequences duplicated within virus termi-
al-inverted repeats, the origin of mirror-image deletions
McFadden and Dales, 1979) and the cause of telomeric
epeat instability (Pickup et al., 1982) also become
learer.
Besides providing insights into viral recombination
nd concatemer-forming and mutational processes,
trand-annealing reactions might also have important
mplications for our understanding of poxviral replication.
t has long been proposed that replication originates
ithin the viral telomeres, but no viral or cellular primase
as been identified that initiates viral replication (Du and
raktman, 1996; Moyer and Graves, 1981); nor is it un-
erstood how transfected DNAs can replicate in poxvi-
us-infected cells without any regard to DNA sequence
DeLange and McFadden, 1986). These problems might
e resolved if poxviruses are eventually shown to use the
ypes of strand-annealing reactions characterized here
o prime DNA replication. For example, were the virus-
eplicative machinery to take one randomly broken and
ransfected molecule and anneal it to a second trans-
ected molecule, the 39-end might serve as an origin for
onspecific plasmid replication reactions.
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568 WILLER ET AL.To test all of these hypotheses, future experiments will
require some way of relating in vitro reactions to in vivo
biology. Two particular features of this reaction provide a
way of further investigating the biological relevance of
this process. The first concerns the fact that in vitro
strand-joining reactions are very sensitive to changes in
dNTP concentrations. Although the physiological con-
centration of dNTPs is not known with precision in vac-
cinia-infected cells [and probably varies during the
course of an infection (Howell et al., 1993)], one rough
estimate suggests that it lies in the 5- to 15-mM range
(Hendricks and Mathews, 1998). If this is true, it might
take only a small decrease in intracellular dNTP concen-
trations to favor single-stranded annealing reactions
over DNA replication. We have tested this prediction by
inhibiting the activity of vaccinia virus ribonucleotide
reductase with hydroxyurea. These preliminary experi-
ments detect dramatic increases in the amount of recom-
bination relative to the amount of replication under such
conditions. A second and more specific feature of the
reaction concerns the effect of homology length on
strand-joining efficiency. Varying the length of homology
between properly oriented end sequences, over a span
of 18 to 84 bp, did not produce well-correlated changes
in reaction efficiency. However, a more detailed analysis
of this reaction property showed that the yield of recom-
binant transformants in E. coli exhibited a striking local
optimum of ;14 bp when 4- to 18-bp overlaps were
tested (Fig. 6). At present we do not understand this
reaction feature. It is possibly caused by ring-closure
and/or substrate-binding effects and Fig. 6 may well
illustrate just the first of a series of peaks and troughs in
the yield curves. But whatever the root cause(s) of this
phenomenon, preliminary experiments show that, when
linearized luciferase-reporter plasmids are transfected
into vaccinia-infected cells, this in vitro optimum lies
remarkably close to the minimum amount of sequence
homology required for recombinant formation in vivo,
also about 14 bp.
MATERIALS AND METHODS
Materials
Linear substrates were prepared by restriction of plas-
mid pDW101, followed by phenol extraction and ethanol
precipitation. [pDW101 derives from pBluescript (KS1)
(Stratagene, La Jolla, CA) through a spontaneous dele-
tion of nucleotides 618, 619, and 621.] In some experi-
ments the restricted DNAs were further gel purified and
recovered using a Geneclean II kit (New England Bio-
labs, Beverly, MA). Labeled substrates were prepared by
treating restricted DNA with shrimp alkaline phospha-
tase (U.S. Biochemicals, Cleveland, OH), followed by
incubation with T4 polynucleotide kinase and [g-32P]ATP
r Klenow polymerase and [a-32P]dCTP (both from NEN
ife Science Products, Boston, MA). Recombinant vac-
inia virus single-stranded DNA-binding protein (SSB)as prepared as previously described (Tseng et al.,
999).
ell and virus culture
BSC-40 cells were grown at 37°C in Dulbecco’s mod-
fied Eagle’s medium (Gibco BRL, Gaithersburg, MD)
upplemented with 1% nonessential amino acids and 5%
etal calf serum. Vaccinia virus (strain WR) was pur-
hased from the ATCC (Rockville, MD).
NA polymerase purification
A five-step protocol was used to purify vaccinia DNA
olymerase from BSC-40 cells coinfected with vTMPOL
nd VTF7.5 recombinant viruses (McDonald and Trakt-
an, 1994; Willer et al., 1999a). Active fractions were
dentified using polymerase assays and protein concen-
rations determined using a dye-binding assay (Bio-Rad,
ichmond, CA). Recombinant vaccinia DNA polymerase
as estimated to be $95% pure, as judged by silver
taining and densitometric analysis, and exhibited a spe-
ific activity comparable to that reported by McDonald
nd Traktman (1994). A more detailed description of the
nzyme properties can be found elsewhere (Willer et al.,
999a).
oncatemer formation assays
“Standard” assays contained 30 mM Tris–HCl (pH 7.9),
mM MgCl2, 70 mM NaCl, 1.8 mM dithiothreitol, 88
mg/mL acetylated BSA, 350 ng of each linear substrate,
and varying quantities (usually 0.1 mg) of vaccinia poly-
merase in 20 mL. “Optimized” assays were identical,
except that 25 mg/mL of vaccinia gpI3L was also added.
eactions were incubated at 37°C for 20 min and depro-
einized, and the products were separated using a 0.8%
garose gel (Zhang and Evans, 1993). Ethidium-stained
els were photographed using Polaroid film and the DNA
as quantitated by densitometry.
igation-independent cloning
The polymerase chain reaction, two primers
59-ACTAGTTCTAGAGCGGCCAGAAACAGGCATCTT-
ACGCGTG-39 and 59-TCCACCGCGGTGGCGGCCACG-
GAAACGCCTTGGT-39) and cloned Shope fibroma virus
DNA (Delange et al., 1984) were used to amplify an
;800-bp DNA fragment flanked by two 18-nt sequences,
also found flanking the NotI site in a pBluescript
polylinker (underlined above). NotI-digested pDW101 (0.6
mg) and the PCR-amplified insert (0.3 mg) were incubated
ith 0.15 mg of polymerase as described above. Compe-
tent E. coli cells were transformed by electroporation
[SURE (Promega, Madison, WI) and DH5a] or heat shock
JM105) using 1 mL of unpurified reaction mix. The cells
were plated on Luria broth agar supplemented with 100
mg/mL ampicillin, 40 mg/mL 5-bromo-4-chloro-3-indolyl-
b-D-galactoside, 0.5 mM isopropylthio-b-galactoside,
CC
D
D
D
D
E
F
569VACCINIA VIRUS DNA POLYMERASEand 50 mg/mL thymine, and incubated overnight at 37°C.
DNA was isolated from transformed colonies and se-
quenced as described previously (Willer et al., 1999b).
For the experiments shown in Fig. 6, seven additional
primer pairs were synthesized in which the number of
nucleotides identical to sequences flanking the NotI site
were reduced in steps of two, starting from the 59 ends of
each of the above-mentioned primers. For example, the
two shortest primer pairs, which retained 4 nt of homol-
ogy, were (59-GGCCAGAAACAGGCATCTTACGCGTG-39
and 59-GGCCACGGAAACGCCTTGGT-39).
ACKNOWLEDGMENTS
We thank P. Traktman for providing virus stocks. This study was
supported by a grant from the Canadian Institute for Health Research
(to D.H.E.) and by an Ontario Graduate Scholarship in Research and
Technology (to D.W.).
REFERENCES
Aguado, B., Selmes, I. P., and Smith, G. L. (1992). Nucleotide sequence
of 21.8 kbp of variola major virus strain Harvey and comparison with
vaccinia virus. J. Gen. Virol. 73, 2887–2902.
Ball, L. A. (1987). High-frequency homologous recombination in vac-
cinia virus DNA. J. Virol. 61, 1788–1795.
hallberg, M. D., and Englund, P. T. (1979). Purification and properties
of the deoxyribonucleic acid polymerase induced by vaccinia virus.
J. Biol. Chem. 254, 7812–7819.
olinas, R. J., Condit, R. C., and Paoletti, E. (1990). Extrachromosomal
recombination in vaccinia-infected cells requires a functional DNA
polymerase participating at a level other than DNA replication. Virus
Res. 18, 49–70.
eLange, A. M. (1989). Identification of temperature-sensitive mutants
of vaccinia virus that are defective in conversion of concatemeric
replicative intermediates to the mature linear DNA genome. J. Virol.
63, 2437–2444.
elange, A. M., Macaulay, C., Block, W., Mueller, T., and McFadden, G.
(1984). Tumorigenic poxviruses: Construction of the composite phys-
ical map of the Shope fibroma virus genome. J. Virol. 50, 408–416.
eLange, A. M., and McFadden, G. (1986). Sequence-nonspecific rep-
lication of transfected plasmid DNA in poxvirus-infected cells. Proc.
Natl. Acad. Sci. USA 83, 614–618.
u, S., and Traktman, P. (1996). Vaccinia virus DNA replication: Two
hundred base pairs of telomeric sequence confer optimal replication
efficiency on minichromosome templates. Proc. Natl. Acad. Sci. USA
93, 9693–9698.
vans, D. H., Stuart, D., and McFadden, G. (1988). High levels of genetic
recombination among cotransfected plasmid DNAs in poxvirus-in-
fected mammalian cells. J. Virol. 62, 367–375.
isher, C., Parks, R. J., Lauzon, M. L., and Evans, D. H. (1991). Hetero-
duplex DNA formation is associated with replication and recombi-
nation in poxvirus-infected cells. Genetics 129, 7–18.
Hendricks, S. P., and Mathews, C. K. (1998). Allosteric regulation of
vaccinia virus ribonucleotide reductase, analyzed by simultaneous
monitoring of its four activities. J. Biol. Chem. 273, 29512–29518.Howell, M. L., Roseman, N. A., Slabaugh, M. B., and Mathews, C. K.(1993). Vaccinia virus ribonucleotide reductase. Correlation between
deoxyribonucleotide supply and demand. J. Biol. Chem. 268, 7155–
7162.
Johnson, G. P., Goebel, S. J., and Paoletti, E. (1993). An update on the
vaccinia virus genome. Virology 196, 381–401.
Karakousis, G., Ye, N., Li, Z., Chiu, S. K., Reddy, G., and Radding, C. M.
(1998). The beta protein of phage lambda binds preferentially to an
intermediate in DNA renaturation. J. Mol. Biol. 276, 721–731.
Li, Z., Karakousis, G., Chiu, S. K., Reddy, G., and Radding, C. M. (1998).
The beta protein of phage lambda promotes strand exchange. J. Mol.
Biol. 276, 733–744.
McDonald, W. F., and Traktman, P. (1994). Overexpression and purifica-
tion of the vaccinia virus DNA polymerase. Protein Expr. Purif. 5,
409–421.
McFadden, G., and Dales, S. (1979). Biogenesis of poxviruses: Mirror-
image deletions in vaccinia virus DNA. Cell 18, 101–108.
Merchlinsky, M. (1989). Intramolecular homologous recombination in
cells infected with temperature-sensitive mutants of vaccinia virus.
J. Virol. 63, 2030–2035.
Moss, B. (1996). Poxviridae: The viruses and their replication. In “Fields
Virology” (B. N. Fields, D. M. Knipe, P. M. Howley, Eds.), 3rd. ed., pp.
1163–1197. Lippincott-Raven, Philadelphia.
Moyer, R. W., and Graves, R. L. (1981). The mechanism of cytoplasmic
orthopoxvirus DNA replication. Cell 27, 391–401.
Paques, F., and Haber, J. E. (1999). Multiple pathways of recombination
induced by double-strand breaks in Saccharomyces cerevisiae. Mi-
crobiol. Mol. Biol. Rev. 63, 349–404.
Parks, R. J., and Evans, D. H. (1991). Effect of marker distance and
orientation on recombinant formation in poxvirus-infected cells. J. Vi-
rol. 65, 1263–1272.
Pickup, D. J., Bastia, D., Stone, H. O., and Joklik, W. K. (1982). Sequence
of terminal regions of cowpox virus DNA: Arrangement of repeated
and unique sequence elements. Proc. Natl. Acad. Sci. USA 79,
7112–7116.
Rochester, S. C., and Traktman, P. (1998). Characterization of the single-
stranded DNA binding protein encoded by the vaccinia virus I3 gene.
J. Virol. 72, 2917–2926.
Rosemond-Hornbeak, H., and Moss, B. (1974). Single-stranded deoxyri-
bonucleic acid-specific nuclease from vaccinia virus. Endonucleo-
lytic and exonucleolytic activities. J. Biol. Chem. 249, 3292–3296.
Shchelkunov, S. N., and Totmenin, A. V. (1995). Two types of deletions
in orthopoxvirus genomes. Virus Genes 9, 231–245.
Stahl, M. M., Thomason, L., Poteete, A. R., Tarkowski, T., Kuzminov, A.,
and Stahl, F. W. (1997). Annealing vs. invasion in phage lambda
recombination. Genetics 147, 961–977.
Traktman, P. (1990). The enzymology of poxvirus DNA replication. Curr.
Top. Microbiol. Immunol. 163, 93–123.
Tseng, M., Palaniyar, N., Zhang, W., and Evans, D. H. (1999). DNA
binding, aggregation, and annealing properties of the vaccinia virus
I3L gene product. J. Biol. Chem. 274, 21637–21644.
Willer, D. O., Mann, M. J., Zhang, W., and Evans, D. H. (1999a). Vaccinia
virus DNA polymerase promotes DNA pairing and strand-transfer
reactions. Virology 257, 511–523.
Willer, D. O., McFadden, G., and Evans, D. H. (1999b). The complete
genome sequence of shope (rabbit) fibroma virus. Virology 264,
319–343.
Zhang, W., and Evans, D. H. (1993). DNA strand exchange catalyzed by
proteins from vaccinia virus-infected cells. J. Virol. 67, 204–212.
